INTRODUCTION
For wind turbine applications, mechanical gearboxes are frequently used in indirect drive (Fig. 1a) ; this design allows a lower cost of investment and a lower weight compared to direct drive designs (Fig. lb) . However, failures of mechanical gearboxes and their induced production interruptions, which increase operating costs, are more frequently observed with indirect drive design [1] .
An interesting intermediate solution is to use a faster generator (light weight) than with the indirect drive design and combine it with magnetic gears (Fig.Ic) to obtain a magnetic indirect drive. The most attractive topology of magnetic gears (Fig.2) has been proposed by [2] in the early 2000s and used in different studies [3] - [5] . This topology of magnetic gears potentially offers high performance and gives a hope of competItIveness compared to mechanical solutions [6] even for high torque applications (off-shore wind turbine for instance) [7] -[ 1 0]. In this article, only the case of fixed ferromagnetic pole pieces will be studied. A fixed ferromagnetic ring with ns pole pieces interposed between the two rotors (an example IS given in Fig.2 with Ph = 2, PI = 7, ns = 9).
Each rotor generates in airgaps a magneto motive wave. Ferromagnetic pole pieces aim to modulate the field of the two rotors due to a common field harmonic. It results in a magnetic torque with an average value different from zero. To do this, the three rings must follow the equation (1) and the gear ratio is given by (2) [3] . According to the studied configuration (fixed ferromagnetic pole pieces), the rotational speeds of the two rotors are opposite (the gear ratio is negative).
The optimization of magnetic gears has already been done by [11]- [ 12] . However, this previous work was only dedicated to the magnetic parts of the system without taking into account the structural parts which represent a significant part of the total weight. In this earlier optimization, neither mechanical nor arrangement constraints were taken into account.
In the present paper, we will focus on the magnetic gear design and optimization. The major contribution of the present work is related to the overall design and optimization (magnetic and mechanical) of magnetic gear taking into account arrangement and mechanical (deformation and stress) constraints.
II.
PRELIMINARY ARRANGEMENT AND STRUCTURAL
GEOMETRY OF THE MAGNETIC GEAR
The first step of our design approach was to define an arrangement of magnetic gear structural parts and magnetic parts. This arrangement must respect mechanical mounting constraints and be adapted to a mechanical wind turbine sizing for the different parts of the magnetic gear (high speed rotor, low speed rotor and fixed ferromagnetic pole pieces). The selected arrangement is presented in Fig. 3 (for this representation, dimensions do not correspond to high torque application). The geometry of the different parts of the magnetic gear was then defined and is presented in Figure 4 . From a geometric point of view, definitions of the low speed rotor and the fixed ferromagnetic pole pieces were very close since they were composed of end bells. On the other hand, the geometry of the high speed rotor was quite different since permanent magnets were located outside the structural part. The minimization of the material cost of the three structural parts is obtained by reducing their weight with holes.
The most difficult mechanical design was observed for the fixed ferromagnetic pole pieces. Indeed, since this part is located between the high speed rotor and the low speed rotor, a radial strengthening is not possible. Moreover, the pole pieces play an important role for the magnetic and mechanical operations. From this structural geometry and this arrangement, it was possible to define the most important geometric parameters. Then, for different sets of parameters, the magnetic gear was evaluated with different finite element analyses to evaluate different constraints and loads which we will develop in the next part. Parameters were then defined for the magnetic finite element analysis as well as for the mechanical finite element analysis.
Six geometric parameters were defined for the magnetic finite element analysis ( Fig.5 ): radial thickness of the yoke of the two rotors (eyoke_h, eyoleJ), radial thickness of the permanent magnet of the two rotors (epmJl' epm_I), radial thickness of the ferromagnetic pole pieces (es) and number of pole pairs of the high speed rotor Ph which imposed PI and ns with (1) and (2) . Among these six geometric parameters, four parameters are also used for mechanical fmite element analysis (ph, eyoke_h, es, eyoleJ). Also, the yoke of the two rotors and the ferromagnetic pole pieces have a magnetic and a mechanical purpose and represent the magneto mechanical parts of the magnetic gears.
Twelve others geometric parameters were defined for the mechanical finite element analysis concerning the three structural parts: inner radius of the hole and angular ratio between hole and arms shown in Fig. 6 , thickness of the end bells and thickness of the yoke strengthening for the low speed rotor, thickness of the end bells for the fixed ferromagnetic pole pieces, thickness and length of the yoke strengthening for the high speed rotor and thickness of the rim for the high speed rotor (Fig.7) . Hole inner radius and angular ratio between hole and arms parameters for mechanical finite element analysis for (a) low speed rotor, (b) fixed ferromagnetic pole pieces, and (c) high speed rotor
Geometric parameters for a mechanical finite element analysis including the structural parts of the low speed rotor, the inner high speed rotor and the fixed ferromagnetic pole pieces IV.
FINITE ELEMENT ANALYSIS

A. Magnetic finite element analysis
The magnetic finite element analysis is carried out with a magnetostatic model in two dimensions only with the magnetic parts of the magnetic gears [12] . Regarding the lower limit of the high speed rotor and the outer limit of the low speed rotor, Dirichlet conditions were imposed for the flux line. To undertake this analysis, three materials were used with different magnetic properties: permanent magnet with radial induction and linear magnetic behavior, pure iron with nonlinear magnetic behavior and air.
To reduce the computation time, and considering the number of magnetically identical sections S as described by [10] , a small part of the magnetic gears is studied. The magnetically identical section must follow a relationship between the numbers of pole-pairs and the number of ferromagnetic pole pieces. The symmetrical character of the magnetic system strongly reduces the computation time for the magnetic finite element analysis.
With this model, it was possible to determine the flux density everywhere in the magnetic parts of the magnetic gears for different pairs of parameters. It was then possible to evaluate the maximum gear torque per meter and the radial force per meter for all pairs of parameters.
B. Mechanical finite element analysis
1) Load analysis
Considering that the different structural parts should be able to support magnetic (and other physical) loads, different loads are evaluated. In a first time, it was chosen to control the influence of four different loads as described by [13] for the three structural parts:
Considering the dimensions of the magnetic gear presented in Table 2 (the diameter of the magnetic gear was bigger than the length) and the rotational speed of the wind turbine in which the system must be implanted, the gravitational pull and the centripetal force impact appeared negligible in comparison to the magnetic torque and the radial magnetic force impacts. Therefore, only the magnetic torque and the radial magnetic force will be evaluated to control the mechanical efficiency of the structural parts.
2) Mechanical constraints
Magnetic torque and radial force generate torsion and bending deformations in the three different structural parts as well as stress concentration which can damage the different parts of the magnetic gears. Therefore, it was necessary to define mechanical constraints to evaluate the mechanical efficiency of structural parts. It was chosen to evaluate mechanical stress with the Von Mises yield criterion which takes into account the different terms of the stress tensor [14] . Different deformation limits were proposed according to the overall dimensions of the system in [15] . These limits were adapted to the magnetic gears:
• Radial deflection due to the radial magnetic force must be lower than 10% of airgap,
•
Relative twist due to magnetic torque must be lower than 1°,
• Von Mises stress due to magnetic torque and radial force must be lower than yield stress of the material (cry) with a safety factor as described in (3). To evaluate the mechanical constraints with the two different loads (magnetic torque and radial force), it was necessary to define mechanical models for the three structural parts with boundaries for fixed constraints and load conditions. The analysis of the two different loads was not carried out in the same simulation. This was possible because the magnetic torque generates only torsional deflection and mechanical stress and the magnetic radial force generates radial deflection and mechanical stress.
Magnetic torque and radial force can be applied with the same boundaries in the two different simulations. The fixed constraint boundaries were the same for the two different simulations. Fixed constraint boundaries are presented in red and boundary loads are presented in blue for the different structural parts in Fig. 8 . 
OPTIMIZATION OF THE MAGNETIC GEAR
A. Objective function
The objective function of the optimization was to minimize the overall material cost of the magnetic and structural parts of the magnetic gear. All structural parts were composed of a single material and magnetic parts of the gear were composed of two materials: permanent magnets and a ferromagnetic steel. The properties of the different materials are described in Table 1 . Therefore, the objective function C of the optimization was the sum of the cost of the three different materials given by (4). (4) where VPM,VFS and Vss were the volume in m3 of the different materials and depended on the geometric parameters of the optimization.
C=CPM.pPM. VPM +CFS.pFS. VFS +Css .PSS. Vss
B. Dimensions of magnetic gear and range values of parameters
Geometric parameters of the magnetic gear were optimized in order to minimize the material cost of a 3.9 MW, 15 rpm wind turbine. Dimensions of the magnetic gear were imposed by the wind turbine whereas other dimensions, like the gear ratio and the length of the airgaps, were imposed by the assembling feasibility constraints of the industrial partner. All fixed dimensions of the magnetic gear are presented in Table 2 . In accordance with the second part, geometric parameters included six parameters for the magnetic study and sixteen parameters for the mechanical study of the three structural parts (where four parameters are common with magnetic study). For the optimization, it was necessary to define a range value for all geometric parameters. These values are presented in Table 3 . C. Procedure of op timization Fig.9 describes the mono-objective optimization procedure. To begin the optimization, an initial set of parameters was computed. The analysis of the magnetic finite element described above was also realized. This finite element analysis provided the magnetic radial force and the length of the magnetic part dependent on the maximum gear torque per meter. Then, the length of the magnetic part is defined to have the maximum gear torque of the Table2. Thereafter, the mechanical finite element analysis described above was realized. The objective function and the mechanical constraints could be evaluated for this pair of parameters.
To realize the optImIzation, a Particle Swarm Optimization (PSO) algorithm was used as described by [12] and [16] . The PSO method is a stochastic searching and optimization algorithm, in which the trajectory of each particle (parameter) is adjusted towards its own best position and the overall best position is calculated from neighbors as well as by the whole swarm [17] . Then, the PSO algorithm chooses different sets of parameters in order to minimize the objective function until the maximum iteration number is reached. The optimal solution is the solution that minimizes the objective function while respecting the mechanical constraints. Fig. 10 represents the magnetic finite element analysis for an optimal solution which minimize the material cost. Fig. 11-l3 represent the mechanical finite element analysis for the magnetic torque and the radial magnetic force when evaluating the different mechanical constraints for an optimal solution of the different structural parts. Table 4 represents for an optimal solution the mass, the material cost and the torque density of the magnetic gear. It can be observed that the three structural parts represented 42.2% of the total mass but only 7. 1 % of the total material cost. Moreover, low speed rotor masses and material costs represent the most important cost between the three structural parts. Permanent magnets represented only 6.7 % of the total mass but 75.6 % of the total material cost due to the expensive cost of the permanent magnets. Magneto mechanical parts represent a non-negligible part of the total mass (51 %) and total material cost (17.3%). 
RESULTS
VII. CONCLUSION
In this paper, a novel approach of overall design and optimization of magnetic gears (magnetic parts and structural parts) was described. It took into account arrangement and mechanical (deformation and stress) constraints for wind turbine applications.
We can conclude: 1) Magneto mechanical and structural parts of the magnetic gears have a significant impact on the total mass and the total material cost. This results validate the novel approach of the overall design and optimization of the magnetic gears which includes magnetic and structural parts.
2) Particularly for the fixed ferromagnetic pole pieces, optimization results show the necessity to take into acount mechanical constraints. Indeed, the radial deflection constraint due to the radial magnetic force leads to obtain a radial thickness of ferromagnetic pole pieces strongly higher than the thickness computated with a simple magnetic optimization.
3) The optimal solution depends strongly on the geometry and the parametrization of the three structural parts. It should be relevant to carry out the same optimization with an other geometry of the structural parts in order to compare the results.
4) The optimal solution is obtained with a fixed external diameter of the magnetic parts of 3. 8 m. This diameter is however probably weak for a 2.S MNm nominal torque. It should be relevant to carry out the same optimization with a larger external diameter in order to have a larger diameter to length ratio of the magnetic gear and an induced lower material cost.
5)
The computation time of the present optimization is quite long (more than one day with an Intel Xeon ES-1630 v3, 8 threads, 3.70 GHz, parallel computation) since the optimization procedure includes one 2D magnetic finite element analysis and six 3D mechanical finite element analyses.
In order to improve the design and optimization of the magnetic gears, the present approach should be adapted using a larger scale optimization taking into account bigger parts of the magnetic indirect drive presented in Fig l. c (for instance, including magnetic gears and high speed generator). It should also be relevant to replace the finite element analysis by an analytical expression to reduce the computation time.
